We have measured extreme ultraviolet (EUV) 
Introduction:
The next generation device for fusion research, ITER (International Thermonuclear Experimental Reactor) is planned to come on stream in 2016. The material of the plasma facing components (PFC) must be capable of tolerating extremely large thermal loads, have a low erosion rate and a low cross-section for tritium assimilation and retention. For this reason, tungsten will be used for the divertor baffles and dome and has become the standby material for use as a divertor coating as carbon generated from CFC (carbon fibre composite) tiles at the strike zones would lead to unacceptable levels of tritium capture [1] . To investigate the behavior of tungsten and tungsten coated CFC tiles in a fusion reactor studies are planned or already being undertaken at a number of major locations worldwide [2] . For example, at JET, tungsten erosion rates and the impact of an all tungsten divertor are being studied while interior regions of the ASDEX Upgrade Tokamak in Garching have been coated with tungsten and an extensive program of study has been underway for the past ten years on the effects of tungsten impurities on the plasma dynamics as well as the spectral emission from tungsten ions [3 -6] .
At the plasma temperatures typically attained in a tokamak or stellarator, tungsten ions will not be fully stripped leading to intense line emission in the EUV and x-ray spectral regions (20 eV -10 keV). In the hot plasma core, under conditions as envisaged for ITER, one expects to have Flike W 65+ to Cl-like W 57+ ions and the spectra should then be dominated by L and M shell emission whereas towards the wall, one will encounter intense N and possibly O shell emission also as the average degree of ionisation decreases. A comprehensive review of the available data for tungsten spectra in all ion stages has been published by Kramida and Shirai [7] , which points out the lack of any definitive spectral data for W IX -W XXVII inclusive, while reviews of data from early fusion devices has recently been written by Reader [8] and for more recent devices and for spectra with direct relevance to ITER by Biedermann et al. [9] .
From work performed in the late 1970s at ORMAK, the Oak Ridge Tokamak, it was found that radiation from tungsten ions sputtered into the plasma radiated very strongly between 4 and 7 nm where a structured quasicontinuum overlaid by a few strong lines was observed. Moreover, the radiative losses were so intense that they limited the ultimate plasma temperature attainable. The radiation was postulated to arise from overlapping transitions in W XXXI -W XXXV [10] but subsequently shown to primarily originate from 4d 10 4f-4d 9 4f 2 and 4d 10 4f-4d 10 5d transitions in Ag-like W XXVIII [11] . Subsequently Finkenthal and co-workers identified features in the 4-7 nm region resulting from groups of unresolved 4d -4f, 5p and 4f -5d, 5g transitions in W XXII through XXVI spectra from the TEXT tokamak [12] . The tungsten was introduced into the plasma discharge by laser ablation. Subsequently Sugar, Kaufman and Rowan succeeded in identifying the strongest 4d -4f lines in Ag-like W XXVIII, Pd like W XXIX and Rh-like W XXX spectra from TEXT data recorded using the same injection method [13] [14] [15] .
Also in the late 1970s, it was found that the emission from a laser produced plasma of tungsten emitted broad-band EUV continuum radiation overlaid with very few lines in the 3-20 nm spectral region [16] . From experimental and theoretical comparison it was known that these plasmas contained ions up to W 15+ [17] . However the only discrete lines observed were in W VI and VII spectra [18, 19] and moreover no continuum enhancement due to unresolved lines was found in the 4.5 -7 nm region. [25 -27] . Experiments at the Berlin EBIT verified that this was indeed the case and obtained almost ion stage specific information for WXXII through W XLVII [28, 29] . Again for the most part, these spectra contained strong, generally unresolved, line emission in the 4.5 -7 nm range.
However, spectra from an EBIT are usually quite different in appearance from either pinched (as in a Tokamak) or laser plasmas as they are excited by a monoenergetic electron beam at low electron densities in an optically thin regime. In particular the width and consequently the profile of the unresolved transition arrays (UTA) resulting from ions with open 4p, 4d and 4f subshells are known to be different. Indeed, Radtke et al. [28] using detailed calculations based on a collisional-radiative (CR) model showed that the UTA observed in their experiments were narrower than predicted and also the intensity weighted mean wavelength deviated from the simple gA weighted mean of the arrays because of the low electron density.
Recently a detailed theoretical study of both EBIT and ASDEX-Upgrade spectra have been made which show that the emission spectra of the various open 4d-subshell ions, calculated by taking into account excitation from the ground state only, agree quite well with the results obtained with the CR model [30, 31] . The calculations were made using the relativistic Dirac Fock approximation [32] . Because of the low densities encountered, the plasmas are far from local thermodynamic equilibrium (LTE) and most of the ions are in the ground state. Thus the emission is essentially dominated by excitation rates from the ground level and the gA distribution of the excited ones. The influence of CI on these rates as a function of the number of 4d electrons in the lower level was explored in detail [31] . The authors also succeeded in identifying the origin of a weak unexplained feature observed in the EBIT spectra of W XXX -W XXXV as originating from 4p-5s satellite transitions [30] .
The plasma temperatures obtained in the ASDEX-Upgrade are higher than in the earlier devices and consequently higher ion stages are observed and open 4p, 4s and 3d subshell spectra have been recorded in stages from W 38+ to W 50+ and confirmed by EBIT data. Additional data from
Berlin [9] , LLNL [33] and NIST [34, 35] EBITs have resulted in the identification of lines in spectra all the way to Ne-like W LXV many of which can be potentially used for temporal and spatial diagnostics in ITER.
In subshell species, i. e. for spectra from W XV to W XLIV.
Experimental:
In the present experiments, the LHD at NIFS in Toki was used. The LHD is one of the largest devices in the field of magnetically confined fusion research and plasmas are maintained under a magnetic field of 2.75 T at the center. The typical plasma density was approximately 10 19 m -3 , and its spatial profile and electron temperature were measured by a Thomson scattering diagnostic system [37] . Solid tungsten was introduced by a tracer encapsulated solid pellet (TESPEL) [38] injected into the background hydrogen plasma. Two different plasma regimes were used. In the first, the plasma core temperature was approximately 1.5 keV and the experimental conditions are summarized in figure 1 (a). In this figure the time sequences of neutral beam injection (NBI) heating power (P NBI ), stored energy (W p ), electron density (n e ) and radiated power (P rad ) are shown. The TESPEL was injected at t = 2. 
Figure 1: Time sequences of neutral beam injection (NBI, heating power (P NBI ), stored energy (W P ), line averaged electron density (<n e >) and total radiated power (P rad ). The shaded areas correspond to the detector integration times during which spectra were recorded. TESPEL injection occurred at t = 2.3 s in (a) and at t = 3s in (b) which corresponds to the dotted vertical line. Tungsten emission was observed during the two (separated) integration periods of (a) but only during the central integration window of (b). See text.
The EUV spectra were recorded by a grazing incidence spectrometer SOXMOS [39] whose groove density and focal length were 600 mm collapse [24, 41, 42] . The spectrometer was carefully calibrated by observing carbon, boron and neon lines whose wavelengths are well known following neon injection (carbon and boron lines are always present as impurities in the LHD). When these wavelengths were fitted to the dispersion relation of the SOXMOS spectrometer the absolute wavelength could be determined within an accuracy of ±0.01 nm.
Experimental Results:
Spectra recorded in the 4.1 -6.8 nm region are presented in figure 2. No discrete structure was evident in the other wavelength ranges investigated so these spectra are not reproduced here.
The top spectra were recorded at a lower core temperature and is expected to contain lower stages. The strong discrete lines evident between 4.9 and 5.1 nm can be attributed to the previously identified 4d -4f resonance lines of Ag-to Rh-like W XXVIII, W XXIX and W XXX [13 -15] . The strong line at 4.8948 nm is the 4d 10 1 S 0 -4d 9 4f 1 P 1 of W XXIX. This is the strongest line in both spectra in the upper figure and appears particularly pronounced in the spectrum recorded 3.5 s after injection. Interestingly, it appears as an isolated line in the bottom figure where the core electron temperature is 3 keV. Emission from Ag-like W XXVIII to Rhlike W XXX is strong in all three spectra though their relative contributions are difficult to assess because they are superimposed on a quasicontinuous background resulting from unresolved transitions from a range of ion stages. However while the Ag-like 2 F 7/2 -2 G 9/2 line observed at 5.0895 nm [13] is intense in both spectra the 2 F 5/2 -2 G 7/2 line observed at 5.1457 nm appears to be relatively weaker in the spectrum recorded at 1.5 keV. In comparing the low and high temperature spectra some major differences are apparent, most noticeably the short wavelength structure evident in the 4.5 -4.8 nm region is absent at lower temperatures while the structure appearing in the 5.5 -6.5 nm region is quite different in both cases. From earlier data it should be possible to associate the mean peak lying between 4.9 and 5.5 nm with transitions from open 4d subshell ions, i. e. W XXIX -XXXVIII [28 -31] . Interestingly, the 4p -4d and 4d -4f lines of Rb-like W 37+ , expected to be strong because of the 4p 6 4d ground configuration, are clearly present in the 3 keV spectrum but essentially absent in the lower temperature one. Spectra of ions with valence 4p subshells, W XXXIX -WXLIV, are known to give rise to two line groups centered near 4.6 and 6.4 nm respectively [4, 5] and are responsible for the structure at these wavelengths in the higher temperature spectra as can be seen in Fig. 2 . Resonance 4s -4p transitions in W XLV and W XLVI were also found in the 3 keV spectrum. eventually ending with a Ag-like 4f -5d doublet near 4.4 nm [11] and these have been shown to contribute to the structure appearing in the 5.5 -7.0 nm region which has already been identified as resulting from 4f -5d excitation in W XXII -XXIV [12] . In addition, 4d -5p and 4f -5g transitions also move towards shorter wavelengths with increasing charge and should
give rise to well defined UTAs in the 2.5 -4 nm region. These latter features were found to be absent under the conditions for recording the higher energy spectrum which therefore imply that it must contain little or no contribution from stages lower than W 27+ . So in summary, from comparison with existing results, we know that the 1.5 keV spectrum contains no contribution from ion stages above W 36+ while the 3 keV one is essentially dominated by stages from W 27+ to W 45+ .
Theoretical Results:
In order to obtain further information and to simulate the emission from the contributing ions, and there is a gradual shift to shorter wavelength with increasing charge. Moreover, past W XIX, they essentially give rise to two pronounced peaks in the convolved spectra with a lower energy tail that eventually evolves to become a third peak with increasing ionization. From these data, depending on the population mechanism, one might expect a significant contribution to the observed feature extending from 4.7 -5.5 nm from these transitions. In this regard, it is interesting to note the relative positions of the 4d -4f, 4f -5d and 4f -5g lines.
From comparison of the figures it is seen that the 4f-5d excitation requires less energy than the 4d -4f up to W XXVI, while the 4f -5g requires less energy than the 4d-4f up to W XVIII. For a collisionally dominated plasma this would imply that the 4f -5d transitions would dominate in lower ionization stages and be intense in spectra up to W XXVI as population of the 4f n-1 5d configurations would be favoured over the 4d -1 4f n+1 . In low density non-equilibrium plasmas the situation regarding the relative strength of different transition families is less clear. From figures 4 and 5 it is obvious that both 4f -5d and 4f -5g transitions move to shorter wavelengths with increasing ionic charge. The predicted positions of the 4f-5g transitions in W XXII to XXVI are in very good agreement with both the earlier calculations [12] and measurement of the associated spectral bands [12, 36] . From our calculations we can associate the unidentified peak at 2.832 nm recorded in [36] as arising from 4f -5g transitions in W XXVIII, while the peak at 2.951 nm previous assigned to WXXIX 4d 10 -4d 9 5p 1 P 1 is seen to possess a significant WXXVII 4f -5g component.
Since the 4d 10 4f n -4d 9 4f n+1 and 4d 10 4f n -4d 10 4f n-1 5d transitions overlap in energy between W XXII and W XXVIII, we investigated the effects of CI. We were especially interested to check if these transitions gained oscillator strength from the interaction in order to account for the intensity peak near 6 nm in the low energy LHD spectra. As already pointed out, the structure appearing in the 5.5 -7.0 nm region has been identified as resulting from 4f -5d excitation in W XXII -XXIV [12] and the present calculations lend further support. From EBIT data strong line emission was also recorded in the spectra of W XXII and XXIII in the 5.5 -6 nm region and from Fig. 3 we can infer that it is unlikely that this emission results from 4d -4f transitions. In W XXII -W XXV we found that there is no noticeable effect due to configuration mixing between the 4d 9 4f n+1 and 4d 10 4f n-1 5d and the CI spectra are essentially the same as those from summed single configuration runs. In W XXVI, the calculations predict a slight modification to the UTA near 5 nm, while in the higher two stages after the 4f -5d transition has moved to the high energy side of the main 4 -4 UTA array, it has negligible intensity compared to the 4d-4f so again CI effects are minimal. Because of the limited effects of CI the transitions can be essentially treated as independent and the UTA parameters given in Table 1 for these (and 4f-5g)
transitions are those for non-interacting, single configurations. From figure 4 , we can expect a contribution to the 5.6 -6.5 nm peak from W XXIII -WXXIV. The higher stages blend into the main peak. The absence of lines from lower stages may be due to the presence of low lying configurations containing 5s electrons which would cause 5s -5p transitions to contribute significantly at longer wavelengths or the absence of a significant population of ions below W 21+ .
This is also borne out by the fact that stages lower than W 21+ do not contribute to the 4f -5g emission recorded in the earlier LHD experiments [36] . With increasing ionization the 4f binding energy increases more rapidly than the 5s and the effects of these configurations will be reduced causing the 4f -5d to grow in intensity. With increasing ionization therefore, there is a gradual shift from transitions involving 5s and 5p 'valence' electrons to 4f excitation and finally to 4d around W XXV. Figure 8 while the corresponding UTA statistics are again given in Table   1 . 
Comparison and Conclusions:
Since equilibrium is not established between the ions and the LHD plasma it is extremely difficult to calculate relative ion abundances and their spatial and temporal variations during the integration time of the detector. Nevertheless, it is instructive to explore the variation of ion stage with temperature for an equilibrium plasma. The fractional abundances were obtained using the collisional-radiative plasma model of Colombant and Tonon [51] , where collisional excitation is essentially balanced by radiative decay. In performing this calculation the electron and ion densities were assumed to be 10 19 m -3 , while the ionisation potentials of Kramida and
Reader [21] were used. The results showed that were the plasma in equilibrium, the maximum stages we could expect would correspond to W 45+ for a 1.5 keV plasma and W 59+ for the 3 keV case. In our spectra we expect the limiting stages to be lower in each case because of the low collisional excitation rates. Indeed the absence of the 4d -4f lines of W 37+ in the 1.5 keV spectrum indicates that the maximum ion stage is lower than this.
To check for the validity of the same population mechanism as proposed for the low density plasmas in both EBIT and ASDEX-Upgrade, calculations for 4d -4f excitation analogous to those presented in [30] and [31] were performed. In figure 9 (a) the results of a calculation based on dipole excitation from the lowest level followed by emission from the subsequent decay of the upper states, exactly analogous to the calculations in [29, 30] , are presented. In this plot each ion stage was assigned an equal population and the figure represents the resulting summation for all spectra from W XVI -W XXVIII. From this figure, the main contribution should be near 5.5 nm and this was found to originate primarily from spectra up to W XXIII. In figure 9 (b) we show for comparison the cumulative effect of adding all 4d-4f transitions involving the lowest configuration, i.e. all of the transitions presented in figure 3 , in these stages. Comparison shows that if excitation from the lowest level only is considered, as well as dramatically reducing the number of possible transitions, the higher energy, high intensity lines are largely removed. In figure 9 (a), the transitions near 5.5 nm are predicted to be amongst the most intense, while from the gA distribution these lines are more than a factor of three weaker (gA ~ 5×10 13 s -1 ) than the group near 4.75 nm. Hence we can infer that in situations where this model is applicable, the overall contribution of 4d -4f transitions in these ion stages will be lower than expected simply by consideration of gA distributions alone.
For ions with an open 4d subshell we also present in figure 9 (c) the results allowing for ground state excitation only, again summed assuming an equal population from each stage. In preparing these plots the results for each stage were seen to be very similar to the theoretical spectra shown in the works of Jonsaukas et al. and Kucas et al. [30, 31] . Any differences could be attributed to the different atomic structure codes used. Moreover similarities between excitation and decay spectra were found due to the fact that the upper terms preferentially recombine with the lowest level which is also in agreement with the earlier results. In figure (d) the superposition of gA distributions for the same group of ions is given. The main difference encountered when considering excitation from the lowest level only, apart from the reduced number of lines, is the near elimination of structure at wavelengths lower than 5 nm, which could explain the absence of the structure predicted in the 4.5 -5 nm region (Fig. 8) in the observed spectra though the more likely cause is the weakness of these lines compared to those of Ag-and Pd-like W due to the distribution of a greater number of excited level amongst a similar or lower population. In Figs. 9 (e) and (f) we sum in the contribution from 4s-4p and 4p -4d transitions for W XXXIX -XLVI, again assuming equal populations. However when we compare these various distributions to the experimental results of Fig. 2 In figure 10 we show a scatter plot for the 4d-4f transitions where each line is represented as a point with a specific energy and gA value. From these plots the enormous line density resulting from the presence of the open 4f subshell is immediately obvious as is the fact that the vast majority of lines have almost negligible transition probability. The UTA parameters derived from these are listed in Table 1 . Because of the configuration mixing between 4p 5 4d m+1 and 4p 6 4d m-1 4f it is meaningless to treat these as separate arrays and the UTA data refer to the mixed configuration. Note that because of the spin-orbit splitting of the resulting array, the fit to a single curve results in the UTA having a considerable width. The values of the different parameters for each of the open 4d subshell ions are also given in Table 1 . In figure 11 , the UTA results are summarized graphically for all of the spectra from W XV to W XXXVIII. Also from figure 11 it is possible to identify the unidentified peaks measured in the earlier LHD transitions at longer wavelengths is most likely associated with the presence of configurations containing one or two 5s electrons or low populations of stages lower than W 21+ or both.
In the hotter 3 keV plasma, the increased emission in the 4.5 -4.8 and 6 -7 nm regions is mainly due to additional contributions from 4p -4d transitions from species with an open 4p
subshell. Indeed many of the individual peaks can be associated with lines from W XXXVIII -XLIV from a comparison with tabulated data [7] . In figure 12 (b) the contribution of all spectra up to W XXXVIII are summed in equal measure while the contribution from W XXXVIII is weighted by 33% to reduce the peak at 4.5 nm and give better agreement with observation. Thus it appears that the population of ions with 4p or 4s valence subshells is significantly less than those with valence 4d. for WXLVI to replicate the 3 keV experimental spectra.
